Objective Supraventricular arrhythmias are commonly detected in patients with anti-mitochondrial antibody M2 (AMA-M2)-associated myopathy. However, the prevalence of supraventricular arrhythmias in unselected AMA-M2-positive patients and the impact of AMA-M2 on supraventricular arrhythmias have yet to be fully investigated. Methods We analyzed 384 patients (116 men; age, 60 [48-69] years), who underwent AMA-M2 testing following the detection of elevated hepatobiliary enzymes. Supraventricular arrhythmias involving atrial fibrillation, atrial flutter, atrial tachycardia, sick sinus syndrome, and atrial standstill were confirmed by a 12-lead electrocardiogram, 24-hour ambulatory monitoring, and physician-assigned diagnoses within the three years before and two years after the AMA-M2 test. Results Seventy-seven (20%) patients were positive for AMA-M2. The prevalence of supraventricular arrhythmias among AMA-M2-positive patients was higher than that among AMA-M2-negative patients (14% vs. 6%, p=0.008). A univariate analysis showed that supraventricular arrhythmias were associated with AMA-M2 positivity, aging, congestive heart failure, and the CHADS2 score. The multivariate analysis determined that AMA-M2 positivity was an independent risk factor for supraventricular arrhythmias (odds ratio 3.52, p= 0.011). Among the AMA-M2-positive patients, the AMA-M2 titer did not differ to a statistically significant extent, regardless of the presence or absence of supraventricular arrhythmias. Multiple supraventricular arrhythmias with extremely low atrial deflections was a characteristic finding in AMA-M2-positive patients with supraventricular arrhythmias. Conclusion AMA-M2 enhances the risk of supraventricular arrhythmias, indicating the possible involvement of the atrial myocardium and the formation of an arrhythmogenic substrate. The results highlight the need for clinical attention to supraventricular arrhythmias in AMA-M2-positive patients.
Introduction
Anti-mitochondrial antibodies (AMAs) are autoantibodies against several mitochondrial antigens that can be detected in the sera from patients with primary biliary cholangitis (PBC) by immunoblotting and enzyme-linked immunosorbent assays (1) . To date, nine mitochondrial antigens (M1-M9) have been reported to stimulate the production of the corresponding antibodies, AMA-M1 to AMA-M9 (2).
Among these antigens, AMA-M2 reacts with the pyruvate dehydrogenase E2 complex. This target antigen is located in the inner mitochondrial matrix and catalyzes the oxidative decarboxylation of keto acid substrates (3, 4) . AMA-M2 is detected in 90-95% of patients with PBC (4) . Skeletal muscular involvement manifesting as progressive muscular weakness with elevated levels of muscle-associated enzymes and respiratory failure has been reported in patients with AMA-M2 (5-7). Although the mechanism underlying the development of AMA-M2-associated myopathy has yet to be clarified, it is considered likely that mitochondrial dysfunction and autoimmunity, which are maintained by the predominant autoreactive T cells, are associated with the skeletal muscular damage (8) . Furthermore, concomitant cardiac involvement has been reported in patients with AMA-M2-associated myopathy, as revealed by ventricular dysfunction and/or various arrhythmias (5, 6) . Among patients with such arrhythmias, the prevalence of supraventricular arrhythmias has been reported to be high (5) , which might suggest a preferential atrial myocardial involvement. However, the prevalence of supraventricular arrhythmias in unselected AMA-M2-positive patients has yet to be systematically investigated in the clinical setting. Accordingly, little is known regarding the clinical impact of AMA-M2 on supraventricular arrhythmias. The objective of this study was to clarify the prevalence of supraventricular arrhythmias in AMA-M2-positive patients, regardless of skeletal muscular involvement. The impact of AMA-M2 on supraventricular arrhythmias was then investigated to estimate the atrial myocardial involvement and the formation of arrhythmogenic substrates.
Materials and Methods

Study population
We retrospectively analyzed 384 consecutive patients who underwent AMA-M2 testing for the further examination of elevated hepatobiliary enzyme levels between August 2012 and July 2014.
Elevated hepatobiliary enzyme levels were defined by any of the following conditions: aspartate aminotransferase (AST) >32 IU/L, alanine aminotransferase (ALT) >37 IU/L, alkaline phosphatase (ALP) >100 IU/L, or γ-glutamyltranspeptidase (γ-GTP) >51 IU/L. In all cases, the clinical history was acquired and a laboratory analysis was performed. Congestive heart failure was defined by the presence of symptoms of heart failure classified as New York Heart Association class " II or a left ventricular ejection fraction of <40%. Hypertension was defined as a systolic blood pressure of " 140 mmHg, a diastolic pressure of " 90 mmHg, or the use of antihypertensive agents. Diabetes mellitus was defined as a fasting glucose level of " 126 mg/dL, a random non-fasting glucose level of " 200 mg/dL, a hemoglobin A1c level of " 6.5%, or the use of oral hypoglycemic agents or insulin. The CHADS2 score was generated by assigning one point each for the following factors: a history of congestive heart failure, hypertension, age " 75 years, and diabetes mellitus, and by assigning two points for a history of stroke or transient ischemic attack (9) .
The present study was performed according to standard clinical practice and complied with the Declaration of Helsinki. All of the study participants provided their informed consent. The research protocol was approved by the Human Ethical Committee at Kobe University Hospital (No. 1830).
Laboratory analysis
The following clinical laboratory parameters were evaluated: white blood cell count, hemoglobin, platelet count; liver function parameters (including total bilirubin, AST, ALT, ALP, and γ-GTP); creatinine kinase (CK); albumin; electrolytes (including sodium, potassium, and chloride); renal function parameters (including blood urea nitrogen, creatinine, and the estimated glomerular filtration rate [eGFR]); C-reactive protein, and AMA-M2. (10) . The AMA-M2 titer was evaluated using a commercially available chemiluminescent enzyme immuno-assay (Medical & Biological Laboratories, Nagoya, Japan). AMA-M2 positivity was defined as an AMA-M2 titer of " 7.0 IU/mL.
Definition of arrhythmias
Arrhythmias were detected based on a 12-lead electrocardiogram (ECG), 24-hour ambulatory monitoring, and/or a physician-assigned diagnosis that was found in the medical records within three years before and two years after AMA-M2 testing. Furthermore, asymptomatic arrhythmias documented on ECG monitoring during hospitalization and in implanted devices were considered to be arrhythmias. In this situation, arrhythmias lasting for >30 seconds were included. Supraventricular arrhythmias were defined as supraventricular tachyarrhythmias involving atrial fibrillation (AF), atrial flutter (AFL), and atrial tachycardia (AT), and supraventricular bradyarrhythmias involving sick sinus syndrome (SSS) and atrial standstill. AF was defined as irregular R-R intervals with typical fibrillation in the baseline without distinct P-waves. AFL was defined as the presence of characteristic regular flutter waves with a cycle length of ! 250 ms without an isoelectric baseline between the atrial deflections in at least a single lead. AT was defined as a regular ectopic P-wave with a cycle length of ! 400 ms and distinct P-waves that differed from normal sinus rhythm. SSS was defined as sinus bradycardia <50 bpm, sinus arrest of >3.0 seconds, and/or sinoatrial exit block. Atrial standstill was defined as the continuous disappearance of any atrial deflections in the baseline with an escape rhythm, representing the electrical or mechanical silence of the atrial excitation. Ventricular arrhythmias were defined as sustained ventricular tachycardia lasting for >30 seconds or the detection of ventricular fibrillation on a device recording. 
Baseline 12-lead ECG
We hypothesized that if significant latent atrial muscular damage due to AMA-M2 was present, it could be reflected in the baseline 12-lead ECG findings as a low P-wave amplitude. To evaluate this type of latent electrical remodeling in either the atrium or ventricle, we retrospectively analyzed the subgroup of patients with 12-lead ECG data by investigating the following parameters of the baseline 12-lead ECG. In addition to the heart rate, the PR interval, P-wave amplitude, P-wave duration, Morris index, QRS duration, QRS axis, QT interval, corrected QT interval, sum of the amplitude of the S-wave in lead V1 and the R-wave in lead V5 (SV1+RV5), and the prevalence of P-dextrocardiale and P-sinistrocardiale were measured. We also analyzed the presence of complete right or left bundle branch block.
The P-wave amplitude, P-wave duration, and Morris index were measured using lead V1. The Morris index was derived by multiplying the depth of the terminal P-wave deflection (mm) by its duration (s). The P-dextrocardiale was defined as a P-wave-positive component of " 0.25 mV in leads II, III, and aVF, or a P-wave-positive component of " 0.2 mV in lead V1 or V2, or a P-wave duration of ! 100 ms in lead V1, reflecting the overloading of the right atrium. The Psinistrocardiale was defined as a Morris index of " 0.04 or a P-wave duration of " 120 ms in lead II, reflecting the overloading of the left atrium.
Transthoracic echocardiography
Based on the hypothesis that latent mechanical remodeling of either the atrium or ventricle could be detected as morphological changes, we retrospectively analyzed the subgroup of patients for whom echocardiographic data was available. All of the transthoracic echocardiographic studies were performed using commercially available echocardiographic systems (Aplio Artida, Toshiba Medical Systems, Tochigi, Japan; Vivid E9, GE Vingmed, Horten, Norway; iE 33, Philips Healthcare, Andover, USA). Using the standard parasternal view, we measured the dimensions of the left ventricle and the left atrium according to the American Society of Echocardiography guidelines (11) . Each value was indexed by dividing it by the body surface area. The early diastolic (E) and atrial filling (A) wave velocities of the transmitral inflow, as well as E-wave deceleration time and E/A, were measured using a pulsed-wave Doppler recording in the standard apical three-or four-chamber view.
Statistical analysis
Nonparametric continuous variables were expressed as median values with interquartile ranges. Categorical variables were expressed as a percentage. Intergroup differences were evaluated using the Mann-Whitney U test for nonparametric continuous variables and a chi-squared test for categorical variables. The univariate relationships between the supraventricular arrhythmias and variables were evaluated by a logistic regression analysis. A multivariate logistic regression analysis was performed using the maximum likelihood method to identify the independent risk factors for supraventricular arrhythmias. The association was shown as an odds ratio with 95% confidence intervals and p values. All of the statistical analyses were performed using the SPSS software program (version 20.0; IBM, Chicago, USA). p values of <0.05 were considered to indicate statistical significance in all of the analyses.
Results
In total, 384 patients (116 men; median age, 60 [48-69] years) were enrolled in this study. Seventy-seven of the patients were positive for AMA-M2. Comparisons of the baseline characteristics of the AMA-M2-positive and AMA-M2-negative patients are shown in Table 1 . The proportion of male patients was significantly lower among the AMA-M2-positive patients. The CHADS2 scores of the two groups did not differ to a statistically significant extent.
Among the laboratory parameters, the white blood cell count, hemoglobin level, and eGFR were significantly lower, and the level of alanine aminotransferase was significantly higher in the AMA-M2-positive patients. No significant differences were documented for the other laboratory parame- ters, including CK ( Table 2 ). The baseline 12-lead ECG data were available for 45 AMA-M2-positive (58%) and 202 AMA-M2-negative (66%) patients (Table 3 ). The 24-hour ambulatory monitoring data was available for four AMA-M2-positive and 17 AMA-M2-negative patients. The ECG monitoring data recorded during hospitalization was available for 21 AMA-M2-positive patients and 115 AMA-M2-negative patients. The ECG records from implanted devices were available for four AMA-M2-positive patients and three AMA-M2-negative patients.
Supraventricular arrhythmias were detected in 14% of the AMA-M2-positive patients, which was significantly higher than that in the AMA-M2-negative patients (Table 3) . Among these patients, symptomatic supraventricular arrhythmias were documented in seven AMA-M2-positive and 10 AMA-M2-negative patients. Conversely, the frequency of ventricular arrhythmias was much lower than that of supraventricular arrhythmias and did not differ between the two groups. Among the 11 AMA-M2-positive patients with supraventricular arrhythmias, eight patients showed AF. AFL and AT were each detected in two and four patients, respectively. SSS was detected in three patients. Atrial standstill was detected in four of the 11 patients. It was notable that four patients had multiple supraventricular arrhythmias, including both tachyarrhythmias and bradyarrhythmias.
A comparison of the baseline 12-lead ECG findings revealed that the QRS duration and QRS axis were significantly lower in AMA-M2-positive patients (Table 3) .
The baseline echocardiography was available for 31 AMA-M2-positive (40%) and 124 AMA-M2-negative (40%) patients. Although the left ventricular dimension indices and ejection fraction of the AMA-M2-positive and AMA-M2-negative patients were similar, the left atrial end-systolic dimension index was significantly larger in the AMA-M2-positive patients (Table 4) , suggesting the existence of possible left atrial remodeling.
Univariate analyses were performed to assess the relationship between each variable and the supraventricular arrhythmias (Table 5 ). The variables with p values of <0.2 in the comparison of patients with and without supraventricular arrhythmias (data not shown) were included in this analysis. The univariate analysis showed that aging, congestive heart failure, a high CHADS2 score, and AMA-M2 positivity were significantly correlated with supraventricular arrhythmias.
To ascertain the potential independent risk factors for supraventricular arrhythmias in the present patient cohort, we next performed a multivariate logistic regression analysis. Variables with p values <0.05 in the univariate model were included in the final multivariate model. The CHADS2 score was excluded to avoid multicollinearity. As previous reports demonstrated, supraventricular arrhythmias were observed in the limited subset of patients with AMA-M2-associated myopathy, CK was also included in this model. This analysis showed that the presence of AMA-M2, congestive heart failure and creatinine kinase were independent risk factors for supraventricular arrhythmias ( Table 6 ).
The AMA-M2 titer of the AMA-M2-positive patients, did not differ to a statistically significant extent, regardless of the presence or absence of supraventricular arrhythmias (4.9 [1.4-20.9] IU/mL vs. 3.0 [1.4-4.9] IU/mL, p=0.777).
Few reports have described the detailed characteristics of supraventricular arrhythmias in AMA-M2-positive patients. Thus, we closely analyzed the supraventricular arrhythmias in AMA-M2-positive patients. Our clinical observations re- vealed the following characteristics: 1) multiple supraventricular arrhythmias in a single patient, 2) the coincidence of tachyarrhythmias and bradyarrhythmias, 3) extremely low atrial deflections, and 4) frequent AF. In particular, the average value of the atrial deflections in the AMA-M2-positive AF patients was extremely low (0.03±0.01 mV). rhythmias, in whom AF, AT, and atrial standstill with dilated atria were present. Notably, the voltage of the atrial deflections in these multiple supraventricular arrhythmias was extremely low, which suggested an extensive atrial arrhythmogenic substrate due to substantial and progressive AMA-M2-associated damage to the atrial myocardium.
Discussion
Here, for the first time, we clarify the prevalence of supraventricular arrhythmias in unselected AMA-M2-positive patients. The prevalence of supraventricular arrhythmias in AMA-M2-positive patients was 14%, which was significantly higher than that in AMA-M2-negative patients. The multivariate analysis revealed that the presence of AMA-M2 was an independent risk factor for supraventricular arrhythmias in the present patient cohort. The supraventricular arrhythmias that were associated with AMA-M2 were also characterized.
The association between AMA-M2 and supraventricular arrhythmias
To date, limited data have been available on the independent association between AMA-M2 and supraventricular arrhythmias. Maeda et al. reported 5 (21%) patients with supraventricular arrhythmias among 24 patients with AMA-M2-associated myopathy (5) . In contrast to their cohort, we included all of the AMA-M2-positive patients, irrespective of their history of myopathy or CK values, in order to determine the prevalence of supraventricular arrhythmias in unselected AMA-M2-positive patients. Supraventricular arrhythmias were found in 14% of the AMA-M2-positive patients. As shown in Table 2 , the CK level did not differ to between the AMA-M2-positive and AMA-M2-negative patients, suggesting that our patient cohort did not include a substantial number of patients with clinically significant AMA-M2-associated myopathy. Furthermore, the multivariate analyses revealed that AMA-M2 was associated with supraventricular arrhythmias, even when the CK level was included in the model (Table 6) . Considering these results, AMA-M2 appears to be independently associated with supraventricular arrhythmias, irrespective of skeletal muscular involvement.
The AMA-M2 titer of the AMA-M2-positive patients did not differ to a statistically significant extent, regardless of the absence or presence of supraventricular arrhythmias. In contrast, a previous study reported that arrhythmias tended to be more frequent in patients with a high AMA-M2 titer (5). Thus, further observation is required to clarify the association between the AMA-M2 titer and the progression of cardiac involvement, including the frequency of supraventricular arrhythmias.
The preferential involvement of the atrium
In the present study, the prevalence of supraventricular arrhythmias was higher than that of ventricular arrhythmias; this result was compatible with a previous report (5). This suggests that substantial degeneration occurred in the atrial myocardium, which might work as a substrate for supraventricular arrhythmias. To the best of our knowledge, however, few reports have demonstrated atrial myocardial involvement in a convincing fashion. We consider that a high prevalence of supraventricular arrhythmias might, in part, be explained by the difference in the myocardial wall between the atria and ventricles. As the atrial wall is considerably thinner than the ventricular wall, it might be susceptible to a smaller degree of damage, manifesting as the preferential involvement of the atrium. The left atrial enlargement that was observed in AMA-M2-positive patients (Table 4 ) may support this hypothesis.
A possible mechanism of AMA-M2-associated myocardial involvement and supraventricular arrhythmias
Among the nine AMAs, AMA-M7 has been detected in patients with acute and chronic cardiomyopathies (12, 13) . AMA-M2 was also found in some cardiomyopathy patients (6, 7) . Notably, Varga et al. described the presence of skeletal mitochondrial damage without significant inflammation in PBC patients (14) , suggesting a direct disturbance of the muscular energy metabolism by the AMAs. Conversely, several reports have demonstrated inflammation due to cellular immunological mechanisms (15) . In particular, Matsumoto et al. revealed the interstitial infiltration of CD3-positive T cells in the ventricular myocardium of a patient with AMA-M2-associated cardiomyopathy (6), and Shimizu et al. reported the predominant infiltration of CD4-positive T cells in the skeletal muscles of a patient with AMA-M2-associated myopathy (8) . Although the mechanism of AMA-M2-associated myopathy has yet to be clarified, these observations suggest that mitochondrial dysfunction due to humoral autoimmunity and cellular autoimmunity maintained by autoreactive T cells may be involved in the mechanism of AMA-M2-associated myocardial involvement and the resultant supraventricular arrhythmias. In addition, individual variations in the immunological system and certain viral infections may also play important roles in producing pathogenic autoantibodies, which might trigger chronic autoimmunity against multiple organs (16) .
Finally, Keresztes et al. reported that autonomic nerve dysfunction is a frequent complication in PBC patients (17) . Specifically, their findings from an analysis of 24-hour heart rate variability indicated a synchronic impairment of the parasympathetic and sympathetic systems. As the autonomic nervous system is closely associated with the occurrence of AF and SSS (18) , autonomic nerve dysfunction might influence the triggering of supraventricular arrhythmias in AMA-M2-positive patients.
Clinical implications
The results of this study demonstrated that the presence of AMA-M2 is an independent risk factor for supraventricular arrhythmias, including AF, AFL, AT, SSS, and atrial standstill. Although we were unable to confirm the latent electrical remodeling of the atria by our subgroup analysis of the 12-lead ECG data of the AMA-M2-positive patients (Table 3) , periodical ECGs are recommended to avoid missing any asymptomatic supraventricular arrhythmias. Considering the fact that a number of AMA-M2-positive patients associated with PBC are currently managed by hepatologists, referral to cardiology should be considered in patients with arrhythmias. In turn, cardiologists need to suspect AMA-M2-associated myopathy and PBC, when middle-aged women with elevated hepatobiliary enzymes present with characteristic supraventricular arrhythmias, as shown in Figure .
Based on the supposition that AMA-M2 related atrial in-volvement would likely be progressive, our finding suggested a potential need for anticoagulation therapy or pacemaker implantation during the clinical course of patients who are positive for AMA-M2. To date, however, no guidelines that have focused on these supraventricular arrhythmias exist for the management of AMA-M2-positive patients. We therefore highlight the need for physicians to pay attention to supraventricular arrhythmias in AMA-M2-positive patients. Considering the likelihood that autoimmunity might be involved in the development of these supraventricular arrhythmias, immunosuppressive therapy, including glucocorticoids (6), might represent a better therapeutic option for suppressing these arrhythmias than anti-arrhythmic agents. If used, immunosuppressive therapy should be initiated as early as possible to limit disease progression. The present results also highlighted a need for physicians to update their knowledge of AMAs, as well as to keep abreast of the current nomenclature and guidelines for the disease entity that is referred to as "primary biliary cirrhosis". The term, "primary biliary cirrhosis," is being replaced by "primary biliary cholangitis" because the conventional term does not accurately reflect the natural history of disease in the vast majority of patients (19) . In the latest guidelines, histological findings are not necessarily indispensable in the diagnosis of PBC. The presence of AMAs accompanied by clinical features and a course of classical and cholestatic PBC are required, including increased levels of serum ALP and γ-GTP (20) .
Study limitations
Our study is associated with several potential limitations. First, a selection bias could not be avoided in our patient cohort because the present observational study was conducted retrospectively. In particular, the 12-lead ECG and echocardiographic data were retrospectively available for only 64% and 40% of the patients, respectively. The subgroup results in Tables 3 and 4 should therefore be confirmed in future studies. Second, because the present study was conducted in a single center, the patient population was relatively small. Thus, the present results may not be representative of AMA-M2-positive patients in the general population. Our results should therefore be verified using a prospective and multi-center study design. Third, supraventricular arrhythmias are frequently asymptomatic. Thus, we cannot deny the possibility of the underestimation of their prevalence. Finally, although our close observation of supraventricular arrhythmias and the echocardiographic subanalysis suggested extensive atrial myocardial damage, we were unable to perform a biopsy of the atrial thinner musculature in most cases and it was difficult to directly detect inflammation or fibrosis of the atrium. Further studies based on intraoperatively obtained specimens, autopsy results, electroanatomic mapping, 18 F isotope-labeled positron emission tomography, metaiodobenzylguanidine myocardial scintigraphy, and delayed enhancement magnetic resonance imaging would likely have the potential to elucidate the mechanism of supraventricular arrhythmias in patients with AMA-M2-associated cardiomyopathy.
Conclusion
The present study revealed that the prevalence of supraventricular arrhythmias represented one seventh of the patients with positive AMA-M2 test results. Furthermore, AMA-M2 conferred a substantial risk of supraventricular arrhythmias, suggesting that atrial myocardial involvement and the formation of an arrhythmogenic substrate. Physicians should maintain awareness of supraventricular arrhythmias in AMA-M2-positive patients.
